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Abstract 
   Hydrothermal treatment of silica gel was carried out to study the effect of silica phase transformations on the 
isotopic property of coexisting water. Phase transformations from amorphous silica to silica-X and quartz were 
confirmed in 200˚C and 5MPa treatments. Silica-X was observed at 1d, 2d, 3d, 5d, and quartz appeared at 5d and was 
dominant in the 10d sample. The hydrogen and oxygen isotope ratios of the treated silica and coexisting aqueous 
solution approached each other. Major isotopic exchange between the silica and the solution was completed soon 
after the beginning of the treatment (< 3h), and was followed by a continuous and gradual shift of silica δ18O. The 
rapid and gradual shifts were interpreted as isotope exchange of easily exchangeable sites, such as Si-OH, and 
resistant sites in the SiO2 structure, respectively. Oxygen isotope fractionation of the silica and solution treated for 
10d was similar to the calculated fractionation of water and amorphous silica or quartz at 200 ˚C. 
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1. Introduction 
   Isotopic and chemical properties of pore water during sediment burial change through various water-
rock interaction processes. It is known that diagenetic processes, such as carbonate recrystallization and 
precipitation, organic matter degradation, gas hydrate formation and dissociation, dehydration and 
transformation of hydrous minerals, hydrous minerals breakdown, and volcanic ash hydration, affect the 
isotopic and chemical properties of pore water in accretionary complex sediments [1]. As an example, 
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diagenesis of volcanic ash and/or clay mineral is thought to be the cause of the low Cl concentration, 18O-
enriched and D-depleted water observed in Nankai subduction zone [2]. 
   Meanwhile, phase transformation of silica (from opal-A to opal-CT and quartz) is observed in siliceous 
sediment layers [3]. Because silica contains different amount of water dependent on its phase [4], isotope 
exchange and water expulsion in phase transformation can cause the compositional change of coexisting 
water. Knowledge of how the silica phase transformation affects the isotopic and chemical properties of 
pore water is necessary to estimate the contribution of silica in evolution of pore water contained in the 
sediment layer. This paper describes hydrothermal experiments carried out to clarify the effect of silica 
phase transformation on isotopic and chemical properties of coexisting pore water. 
2. Samples and methods 
   Commercially available silica gel (Silica gel for column chromatography (residual water <12%), 70-
230mesh, Sigma-Aldrich Co. LLC.) was treated with aqueous solution using a batch type autoclave. The 
reaction solution was prepared by adding KOH, NaCl, and heavy water (D2O) into bottled mineral water 
as to be NaCl concentration: 3.5wt%; KOH concentration: 0.1mol/L; δD: 80(SMOW). δ18O of the 
solution was not modified. 
   10g of the silica gel and 20g of the reaction solution were sealed in a vessel in the autoclave, and 
pressurized with N2 gas to 5MPa. The temperature of the vessel was raised to 200˚C and maintained for 
3h, 6h, 12h, 1d, 2d, 3d, and 10d. After the reaction time the solution in the vessel was sampled. 500μL of 
the reaction solution was diluted to 50mL with 1% HNO3 solution for Na and K concentration 
measurement. An aliquot of the undiluted reaction solution was left at room temperature and used to 
determine δD and δ18O after oversaturated silica was removed by filtering with 0.45μm syringe filter. 
Silica was taken out after the vessel cooled down. Following drying in a 60˚C oven, it was analysed for 
silica phase identification and δD and δ18O determination. For comparison, the silica gel and reaction 
solution were mixed and left at room pressure and temperature (exchange test, ET). 
   The δD and δ18O of the solution were determined using an ISO-PRIME stable isotope ratio mass 
spectrometer (GV Instruments Ltd.). Na and K concentrations of the solutions were analyzed by ion 
chromatograph (Compact Professional IC881/882, Metrohm AG). Τhe δD of the silica was determined 
from the isotope ratio of hydrogen gas released by degradation at 1450˚C measured by the ISO-PRIME. 
The δ18O of the silica was estimated from the isotope ratio of CO2 gas. The silica sample was fluorinated 
by laser irradiation in a BrF5 atmosphere, and the δ18O of CO2 gas, derived from reaction of O2 gas 
released by the fluorination and graphite, was measured. A GEO 20-20 mass spectrometer (SerCon Ltd.) 
was used for the δ18O measurement. X-ray diffraction was carried out using an X’Pert system (Philips 
Analytic). 
3. Results and discussions 
   Fig. 1a shows X-ray diffraction charts of the silica samples. Peaks ascribed to silica phases can be 
observed in addition to halite precipitated from the solution, and silica phase transformation by the 
hydrothermal treatment was confirmed. Peaks of silica-X appeared after 1d treatment, and sharp peaks of 
quartz were observed after 5d treatment. In the 10d sample, peaks of silica phases except for quartz 
disappeared, and almost all crystalline silica was considered to exist as quartz. It is known that silica 
crystallization proceeds from opal-A to silica-X, opal-CT, and quartz by hydrothermal treatment [5]. In 
this experiment, sharp peaks of opal-CT were not observed, but a shift of the background broad peak was 
observed. The 2-theta of the untreated silica gel was 23.085˚, and it shifted to 22.015-22.295˚ for the 
treated samples in the period 3h to 3d. Considering that the position of the broad peak corresponds to the 
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strongest peak of cristobalite, this may imply occurrence of disordered cristobalite. On the other hand, no 
change was observed in X-ray charts of the ET samples. 
   Na and K concentrations in the reaction solutions were almost constant except for one condition (treated 
for 1d). This means that dilution by the silica phase transformation is limited. The decrease observed in 
the Na and K concentrations of the 1d sample may be attributed to a membrane effect by silica 
precipitated in sampling line of the autoclave, because the time taken to collect the 1d solution was long. 
In the ET, the concentrations of Na and K decreased to 90% and 75%, respectively. This is because the 
cations were adsorbed on the silica gel. 
   Fig. 1b is a plot showing δD and δ18O of the silica samples and reaction solutions. Τhe δD and δ18O 
values of silica and solution approached each other during the hydrothermal treatment. The major isotopic 
shift in the reaction solution was completed within three hours from the start of the treatment, and isotope 
ratios of the solutions vary little following the major shift. This means that the isotopic interaction of the 
silica and solution occurred at easily exchangeable sites such as Si-OH of silica surface. 
   Τhe δD values of the silica show large dispersion, and relationship with reaction time is not clear. This 
is because hydrogen is distributed mostly in unstable site in the silica and it probably exchanged with 
water molecule in atmosphere after the hydrothermal treatment. 
   Meanwhile, the δ18O of silica decreased with reaction time. Oxygen isotope fractionation between silica 
and water can be calculated from the following equations, 
 
1000 lnα = 3.52(10
3
T
)2 − 4.35  amorphous silica, [6]     (1) 
1000 lnα = 3.09(10
3
T
)2 −3.29       quartz, [7]      (2) 
 
where α  is the fractionation at temperature T (K). 
    
  Calculated oxygen fractionations at 200˚C are 11.38‰ for amorphous silica (from eq. 1) and 10.52‰ 
for quartz (from eq. 2). Fractionations between the reaction solution and silica are 1d; 14.3‰; 3d: 14.3‰; 
5d: 13.6‰; 10d: 11.3‰. The fractionation of the samples gradually approached the calculated values of 
amorphous silica and quartz. This implies that the silica and solution reached to equilibrium by isotope 
exchange occurred by association with the phase transformation. The oxygen of SiO2 structure is also 
counted in the δ18O analysis of the silica, and thus the gradual shift observed in the δ18O of silica can be 
attributed to exchange with the oxygen of the SiO2 structure that is relatively resistant to the isotope 
interaction. 
4. Conclusion 
   The results indicate that the isotopic property of pore water is affected by silica phase transformations 
occurring in diagenetic processes. Both rapid and gradual interactions were observed, the former being 
interpreted as isotope exchange at easily exchangeable sites, such as Si-OH in silica. The latter reflects 
isotope exchange at a SiO2 structure relatively resistant to the interaction. Moreover, considering that the 
solute concentrations of the reaction solutions were almost constant except for one condition, any dilution 
effect by water eliminated in phase transformation must be limited. Oxygen isotope fractionation between 
the silica and solution reached equilibrium by exchange occurred in association with the phase 
transformation. 
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Fig. 1. (a) XRD charts of the silica samples (Q: quartz; H: halite; X: silica-X; C: cristobalite), (b) δ-diagram of the 
reaction solution and silica. 
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